At the Mpi locus in the amphipods Hyale plumulosa and Orchestia grillus, one allele in each species is less common inside six small bays on Long Island, New York, when compared with nearby exposed habitats on Long Island Sound. These consistently repeated differences in allele frequency could result from selection on the Mpi locus itself, or from selection on loci in linkage disequilibrium with Mpi. When one exposed and one protected site were compared in H. plumulosa, 0. grillus, and six other peracarid crustacean species, the Mpi locus exhibited greater between-site variation than the Pgm locus in all eight species. The consistently greater geographical variation in Mpi is unlikely to result from selection on linked loci, and indicates that selection results directly from the Mpi polymorphisms.
Introduction
Repeated differences in allele frequency between different habitats provide compelling evidence for natural selection on enzyme loci. In the amphipod Platorchestia platensis, the Mpi locus (coding for mannose-6-phosphate isomerase, E.C. 5.3.1.8) exhibits repeated differences in allele frequency between habitats on Long Island, New York. Beaches exposed to Long Island Sound have higher frequencies of one Mpi allele than nearby beaches on small bays. These differences in allele frequency are more consistent in direction than expected from random drift, which indicates that the Mpi locus is affected by selection (McDonald, 1987) . The first part of the present study reports on similar patterns of repeated differences in Mpi allele frequency in the amphipods Hyale plumulosa and Orchestia grillus, and provides further evidence that Mpi polymorphisms are affected by selection.
In common with other evidence for selection on enzyme loci, the repeated differences in Mpi allele frequency could be caused either by direct selection, resulting from the Mpi polymorphism itself, or indirect selection, resulting from loci in linkage disequilibrium with Mpi. To distinguish between direct and indirect selection has long been a difficult problem in population genetics. The life histories of amphipods make indirect selection a particularly plausible explanation for geographical patterns of allele frequency. There is no planktonic larval stage; instead females carry their young in a brood pouch. Both the young and adults are poor swimmers, and each species' habitat is patchily distributed. Thus it is possible that populations are often founded by one or a few gravid females, which could easily result in substantial linkage disequilibrium.
Long Island Sound, where these repeated patterns occur, is only a few thousand years old, which is a short enough time that any linkage disequilibrium generated in the original founders of Long Island Sound populations might not have broken down yet.
To test the possibility that geographical patterns at the Mpi locus result from loci in linkage disequilibrium, the variation in allele frequency was measured between two habitats for two loci, Mpi and Pgm (coding for phosphoglucomutase, E.C. 5.4.2.2). This comparison was made for eight species of peracarid crustaceans (seven amphipods and one isopod) that were polymorphic for both loci. If both loci were neutral markers whose geographical variation reflected only drift and selection on linked loci, the expectation is that half the species would exhibit greater between-site variation of Mpi allele frequencies, and half would exhibit greater variation of Pgm allele frequencies. If instead one locus exhibited consistently greater geographical variation than the other, it would he evidence of selection directly on one of the loci. The Pgm locus was chosen because it is polymorphic in many species of crustaceans (Hedgecock eta!., 1982) , including H. plu,nulosa and 0. grillus. Unfortunately Pgm is monomorphic in P. platensis, so that species is not included in the comparison.
Methods
The Mpi locus was first sampled at several locations in the amphipod species Hyale plumulosa and Orchestia grillus. H. plumulosa was collected from the underside of rocks in the mid-intertidal area, and 0. grillus was collected from beneath debris in the upper intertidal area of marshes. For each species, six pairs of locations were sampled on the north shore of Long Island, New York (Fig. 1) . Each pair contained one 'protected' site, as far into a small bay as the species could be found, and one 'exposed' site. The exposed H. plumulosa sites faced the main body of Long Island Sound. Because 0.
grillus lives in marshy areas, its exposed sites are actually inside the small bays, as close to the mouth of each bay as the species can be found. The sites were paired in this way because the Mpi locus differs repeatedly in allele frequency between exposed and protected sites on Long Island in the amphipod Platorchestia platensis (McDonald, 1987) . Because subjective, qualitative habitat classifications were used, it is important to emphasize that pairs of locations were chosen and their habitat types were assigned before the allozyme data were collected. The two sites in each pair were generally collected within a few days of each other. Electrophoresis was done with a tris-borate-EDTA buffer, following McDonald (1987) .
The Pgm and Mpi loci were then sampled in 12 amphipod and four isopod species. Species were identified using Schultz (1966) , Bousfield (1973) , and Conlan (1990) . H. plumulosa, 0. grillus, and six additional species of peracarid crustacean Were polymorphic for both loci, and they were sampled at one exposed and one protected site (Fig. 1) . The tris-maleic buffer of Koehn et al. (1984) was used for electrophoresis of these samples, because it gave good resolution of both MPI and PGM allozymes. MPI patterns were the same for H. plumulosa and 0. grillus whether the tris-maleic or tris-borate-EDTA buffer was used.
The few individuals for which one enzyme could not be scored were omitted, so that the sample sizes for both loci were the same within each location. Each gel contained individuals from both populations, and ambiguous individuals were run again. Individuals with rare alleles were rerun adjacent to each other. A polymorphic locus was defined as having the frequency of the common allele less than 0.95 in at least one sample.
In order to detect any cryptic species, gels were also stained for peptidase, which has two or three isozymes, and glucose-6-phosphate isomerase. The total of five or six isozymes was sufficient to distinguish all the known pairs of species.
Geographical variation was measured with tST (Nei, 1986) , an estimator of Wright's (1951) FST.
Results
There were two Mpi alleles in H. plumulosa. 0. grillus had two common Mpi alleles and two rare alleles. The rare alleles had overall frequencies of 0.007 and 0.002. Allozymes were given letters in order of electrophoretic mobility, with the allozyme migrating furthest towards the anode in each species designated 'a'. Allozymes given the same letter in different species generally did not have the same mobility. At all six pairs of H. plumulosa sample sites, the Mpih allele was less common at the protected site than at the exposed site (Fig. 2a) . This is significantly different from the null expectation (two-tailed sign test, P=0.03). A sign test (Sokal & Rohlf, 1981, pp. 449-450) is appropriate because the null hypothesis is that any one pair of locations might differ in allele frequency due to random drift, but the direction of differences would be random when several pairs of locations were examined. At all six pairs of 0. grillus sample sites, the Mpib allele was less common at the protected site (Fig. 2b) , which is significantly different from the null expectation (sign test, P= 0.03).
Mpi and Pgm were sampled initially in 12 species of amphipod and four species of isopod. Seven amphipod species (Corophium acutum, Gammarus mucronatus, Gammarus palustrus, Hyale plumulosa, Jassa isopod (Edotia triloba) were polymorphic for both Mpi and Pgm and could be found in both a protected harbour and a more exposed area (Fig. 1 ). All eight species had a greater EST for Mpi than for Pgm (Table   1) , which is significantly different from the null expectation that each locus should have a greater FST' in half the species (two-tailed sign test, P= 0.008). When locations for H. plumulosa and 0. grillus were chosen the geographical variation in Pgm had not yet been sampled, but it was known that the locations differed greatly in Mpi allele frequency. It may therefore be preferable to exclude these species from the statistical test. The deviation from the null expectation in the remaining six species is still significant (twotailed sign test, P= 0.03).
Discussion
In the amphipods H. plumulosa and 0. grillus, one Mpi allele is consistently less common in protected habitats inside small bays on Long Island than in exposed habitats outside or near the mouths of the small bays. A similar pattern is present in the amphipod P. platensis (McDonald, 1987) . Because the differences in allele frequency are significantly more consistent in direction than would be expected from random drift, they are evidence that selection affects the Mpi polymorphism in each species.
The repeated differences in Mpi allele frequency between habitats in H. plumulosa and 0. grillus could result from selection directly on Mpi, or from selection on loci with which Mpi is in linkage disequilibrium. The sampling of Mpi and Pgm in eight species was an attempt to distinguish between direct and indirect selection. If Mpi and Pgm are neutral markers whose geographical variation reflects only drift and selection on linked loci, the expectation is that in some species Pgm would exhibit greater geographical variation than Mpi, and in some species Mpi would exhibit greater geographical variation than Pgm. That Mpi has greater geographical variation than Pgm in all eight species indicates that direct selection affects these loci. This pattern, in combination with the repeated geographical differences in Mpi allele frequency between habitats in H. plumulosa and 0. grillus, suggests that the direct selection is differentiating selection on Mpi, and not stabilizing selection on Pgm.
A key assumption of this interpretation is that Mpi is not in linkage disequilibrium with a similarly selected set of loci in all the species. The eight species of crustaceans sampled here are divided into two orders (one isopod and seven amphipods), five superfamilies, and seven families (Bousfield, 1973 (Bousfield, , 1983 ; the two cogeners, G. mucronatus and G. palustrus, occupy Table 1 FST and allele frequencies of Mpi and Pgm in eight species of peracarid crustaceans. Mpi and Pgm allele frequencies were sampled at the locations shown in Fig. 1 . Sites 2x and 3p were used for H. plumulosa, and sites 8x and 8p were usedfor 0. grillus. For each pair of locations, 'x' indicates an exposed site and 'p' indicates a protected site. N is the number of individuals. Alleles are listed in order of the electrophoretic mobility of their products, with 'a' coding the fastest allozyme in each species. separate subgenera (Barnard & Gray, 1968 This test is somewhat reminiscent of the test proposed by Lewontin & Krakauer (1973) , which assumes that it would be unlikely for neutral loci within one species to vary greatly in their amount of geographical variation. Their test requires that the populations sampled are independent, an assumption that is rarely met (Nei & Maruyama, 1975; Robertson, 1975) .
In the test proposed here, it is not the size of the variance in geographical variation among loci within one species that is evidence of selection, but instead the observation that one locus exhibits consistently greater geographical variation than another in several species. The eight species in which Mpi has greater betweensite variation than Pgm live in a variety of microhabitats, including under debris at the high tide line, under rocks in the mid-or lower intertidal, buried in mud, and in tubes on submerged objects. The species occupy a number of feeding guilds, including suspension feeding, deposit feeding, grazing on attached microfauna and flora, and detritus foraging. There are many environmental factors which may differ between exposed and protected habitats, but the generality of selection on Mpi suggests that the selective factor on Mpi is a physical factor which affects a wide variety of marine species.
